Introduction {#sec1}
============

Postmenopausal osteoporosis is an underestimated, widespread disease. Due to demographic trends, the prevalence of osteoporosis will further increase in the next decades.[@bib1], [@bib2] The treatment of postmenopausal osteoporosis is still a challenge, and better understanding of the underlying principles of various treatment options is needed.

In postmenopausal osteoporosis, trabecular bone (e.g., distal radius, femoral neck, vertebrae, proximal tibiae) is primarily affected because of its higher bone turnover with respect to cortical bones. Cortical bone also shows bone loss, but only over a longer period of time.[@bib3]

In recent years, several studies suggested a major role for the receptor activator of nuclear factor κB (NF-κB) ligand/osteoprotegerin (RANKL/OPG) system to regulate bone resorption and bone metabolism.[@bib4], [@bib5], [@bib6] RANKL is produced among other cells by osteoblasts. Binding of RANKL to its receptor RANK on osteoclast precursors induces their differentiation into osteoclasts and thereby increases bone resorption.[@bib7], [@bib8] OPG is another important protein in this regulatory loop, which is also expressed by osteoblasts and is able to block RANKL by acting as a soluble decoy receptor.[@bib9], [@bib10] Thus, OPG decreases bone resorption, while RANKL promotes it.

Several ways of influencing the RANKL/OPG balance have been described in the literature. In recent years, the monoclonal RANKL antibody denosumab was approved for treatment of postmenopausal osteoporosis, as well as bone tumors, and showed a decrease in bone loss in several clinical studies.[@bib11], [@bib12], [@bib13], [@bib14], [@bib15] Upon systemic delivery, denosumab non-specifically inhibits RANKL in the whole organism. This can result in severe systemic side effects, including joint pain, myalgia, ostealgia, infectious diseases of the respiratory and the urogenital systems, gastrointestinal dysfunction, and skin irritation.[@bib16] Furthermore there is evidence for rebound-associated vertebral fractures following the discontinuation of denosumab.[@bib17] A bone-specific inhibition of RANKL could be more effective, and side effects to the whole organism could be minimized.

Using RNAi-mediated knockdown is a promising alternative path to reduce the amount of RANKL protein. Small interfering RNA (siRNA) can be used to post-transcriptionally silence the target gene.[@bib18] One of the main hurdles of applying siRNA-mediated knockdowns *in vivo* is the delivery of siRNA into the body.[@bib19] A new and promising solution for this problem is the use of virus-like particles (VLPs).[@bib20], [@bib21] VLPs are derived from the human JC polyoma virus and can be utilized to carry and deliver different types of molecules, including synthetic siRNAs.[@bib19] A tissue-specific effect can enabled by modulating the tropism through the attachment of targeting proteins to the VLP surface. Recently, we presented VLP-mediated RANKL inhibition with siRNA in healthy rats showing promising results.[@bib19]

The aim of this study was to evaluate the effects of RANKL knockdown by VLP-mediated RNAi in a rat model of osteoporosis. Within this scope, we investigated the effect on biomechanical and morphological properties of bone in the early stage of postmenopausal osteoporosis. Furthermore, we intended to investigate whether there are different effects of starting RANKL knockdown before versus after the onset of osteoporosis ([Figure 1](#fig1){ref-type="fig"}). Potential poisonous side effects of long-term siRNA delivery by VLPs *in vivo* were also examined. We used the ovariectomized (OVX) rat, which is a standard animal model of osteoporosis.[@bib22] The entry point for VLPs into osteoblasts was the 5HT-2a receptor.[@bib23] Osteoblasts express membranous RANKL.[@bib24], [@bib25] Thus, this study mainly evaluated the effects of membranous RANKL knockdown in osteoporosis-affected bones.Figure 1Study DesignAll ovariectomized groups were subdivided into prophylaxis and therapy groups. The prophylaxis group (PG) received treatment directly after ovariectomy for 10 weeks (OVX). Rats in the therapy group (TG) received treatment 5 weeks after being OVX for 5 weeks. Ten weeks after being OVX, all rats were sacrificed.

Results {#sec2}
=======

qPCR Displayed RANKL Knockdown in Bones {#sec2.1}
---------------------------------------

mRNA RANKL expression levels of homogenized rat tibiae were measured by qRT-PCR as described later. 17β-Estradiol (E2) and siRANKL showed a significant knockdown of RANKL in the OVX rats compared with siCtrl in the therapy group (TG) and siRANKL also in the prophylaxis group (PG) (E2 in TG: 54 ± 5%, siRANKL in TG: 35 ± 5%, E2 in PG: 25 ± 6%, siRANKL in PG: 33 ± 5%) ([Figure 2](#fig2){ref-type="fig"}). There is a significant initial effect of E2-mediated RANKL knockdown in the TG, but over the course of 10 weeks, the effect of E2 was not significantly different from that of siRANKL or intact rats ([Figure 2](#fig2){ref-type="fig"}).Figure 2qPCR of RANKL mRNA in TibiaesiRANKL showed a significant knockdown of RANKL (about 35%) in ovariectomized therapy and control groups. RANKL mRNA was also suppressed in E2-treated rats, especially in the TG. \*p \< 0.05 versus siCtrl; \*\*\*\*p \< 0.0001 versus siCtrl. ns, not significant.

To further evaluate the effect of RANKL silencing on the RANKL/OPG system, we determined the expression of OPG in the tibia. In the TG, E2 administration led to a significant knockdown of OPG, whereas siRANKL showed no effect. In the PG, however, E2 did not show significant OPG regulation, whereas in 3 selected animals with the strongest RANKL knockdown, a tendency of increased OPG expression could be observed ([Figure S1](#mmc1){ref-type="supplementary-material"}).

Western Blot Confirmed Knockdown of RANKL on the Protein Level {#sec2.2}
--------------------------------------------------------------

To evaluate whether the knockdown of RANKL can also be detected on the protein level, we performed western blots of tibiae from four individuals of every rat cohort ([Figure 3](#fig3){ref-type="fig"}). The TG animals showed an obvious knockdown of RANKL expression when treated with siRANKL or E2 ([Figure 3](#fig3){ref-type="fig"}). In the PG, this knockdown was not observed ([Figure 3](#fig3){ref-type="fig"}).Figure 3Western Blot Analysis of RANKL Protein in Tibiae(A) Treatment with E2 and siRANKL showed an obvious knockdown of RANKL in the TG similar to results found with qPCR analysis. In the PG, no knockdown could be shown on the protein level in contrast to qPCR results. (B) Treatment with non-cognate siRNA (siCtrl) showed no effect on protein expression.

Body Weight, Uterine Wet Weight, and Toxicity {#sec2.3}
---------------------------------------------

At the beginning of the study, all rats had approximately the same body weight (311.5 ± 12.8 g). The body weight increased in all groups due to normal growth. As expected, weight gain was significantly pronounced in OVX rats due to typical changes in metabolism. Treatment with E2 in the PG directly after ovariectomy prevented this distinct increase in body weight. When E2 was given 5 weeks after ovariectomy in the TG, body weight dropped in the first 2 weeks of treatment to roughly the same values as those in control animals and then followed their curve ([Figure 4](#fig4){ref-type="fig"}). Treatment with siRANKL or siCtrl showed no effects on body weight.Figure 4Development of Body Weight during the Course of the ExperimentIntact rats and rats treated with E2 directly after ovariectomy showed increased body weight in the context of normal growth. Rats that underwent ovariectomy showed the typical pronounced weight increase. Rats treated with E2 5 weeks after ovariectomy (E2 TG) showed a reduction in weight in the context of E2 treatment. Treatment with virus-like particles had no effect on body weight.

Uterine wet weight decreased significantly after ovariectomy in all OVX rats ([Figure 5](#fig5){ref-type="fig"}). The groups that received E2 displayed significantly higher uterine wet weight compared with VLP groups ([Figure 5](#fig5){ref-type="fig"}).Figure 5Changes in Uterine Wet WeightUterine wet weight decreased after ovariectomy in rats treated with virus-like particles (VLPs) compared with uterine wet weight in intact animals. Groups that received E2 displayed significantly increased uterine wet weight compared with VLP groups. \*p \< 0.05 versus E2; ^\#^p \< 0.05 versus intact.

There were no obvious signs of toxicity or poisonous side effects of VLPs at the injection sites. During the study, the rats showed no signs of illnesses. Food intake did not differ between the groups (data not shown). No obvious changes or side effects were found in macroscopic explorations of organs (liver, brain, kidneys, gut) after sacrifice.

Biomechanical Assessment {#sec2.4}
------------------------

Intact rats had the highest values in almost all measured biomechanical properties ([Figure 6](#fig6){ref-type="fig"}). OVX rats treated with E2 showed significantly higher values, compared with the siCtrl group, in the PG in maximum load and yield load ([Figure 6](#fig6){ref-type="fig"}). In the TG, no significant improvements after E2 treatment were observed compared with the untreated siCtrl group.Figure 6Intact Rats Showed the Highest Values in Almost All Biomechanical PropertiesE2 showed significant rescue in F~max~ and yield load in PG compared with the untreated siCtrl group. In the TG, no significant effects by E2 were observed. Treatment with siRANKL increased stiffness in the TG compared with siCtrl. In all other biomechanical properties, no significant changes were observed in the TG and PG following treatment with siRANKL. The effect of siRANKL in the TG was comparable to that of E2. \*p \> 0.05 versus E2; ^\#^p \> 0.05 versus intact; ^+^p \> 0.05 versus siRANKL.

Treatment with siRANKL showed significantly increased stiffness in TG compared with siCtrl ([Figure 6](#fig6){ref-type="fig"}). In all other measured biomechanical properties, no significant changes compared with siCtrl in the PG and TG were observed. In the TG, the effect of siRANKL treatment was comparable to E2.

*In Vivo* pQCT {#sec2.5}
--------------

Five weeks after ovariectomy, in the TG, all OVX rats had significantly decreased bone mineral density (BMD) compared with that of intact rats, as expected ([Table 1](#tbl1){ref-type="table"}). At that time, osteopenia had already developed after ovariectomy, and treatment was not yet started. Trabecular BMD showed no significant differences between the OVX rats in the different groups. Ten weeks after ovariectomy, the BMD was still similar between E2, siRANKL, and siCtrl rats and was significantly decreased compared to BMD in intact rats ([Table 1](#tbl1){ref-type="table"}).Table 1Results of *In Vivo* pQCTTime of *In Vivo* CT after Being OVX (Tibiae)IntactE2 TGsiCtrl TGsiRANKL TGE2 PGsiCtrl PGsiRANKL PGMeanSDMeanSDMeanSDMeanSDMeanSDMeanSDMeanSD5 Weeks: BMD (mg/cm^3^)664.9\*^,^\*\*51.1540.8\*\*\*39.5541.3\*\*\*38.7550.4\*\*\*35.7677.3\*^,^\*\*^,^\*\*\*\*59.8536.5\*\*\*17.2545.8\*\*\*30.110 Weeks: BMD (mg/cm^3^)700.1\*^,^\*\*45.9575.0\*\*\*45.9551.2\*\*\*22.8557.0\*\*\*35.6707.5\*^,^\*\*^,^\*\*\*\*49.3543.3\*\*\*14.4558.2\*\*\*24.8[^2]

In the PG, E2-treated rats showed similar BMD as that of intact rats 5 and 10 weeks after ovariectomy. OVX rats treated with siRANKL and siCtrl had significantly decreased BMD compared with intact rats. There were no differences between siRANKL and siCtrl rats ([Table 1](#tbl1){ref-type="table"}).

Post-mortem Micro-computed Tomography {#sec2.6}
-------------------------------------

In the TG, E2, siRANKL, and siCtrl rats showed decreased trabecular bone compared with intact rats in 2D and 3D analyses ([Figure 7](#fig7){ref-type="fig"}). siRANKL showed no improvement compared with siCtrl. In cortical properties, no significant differences were observed between the groups ([Table 2](#tbl2){ref-type="table"}).Figure 7Sagittal Sections of Tibiae in μCT ScansBones of intact rats and rats treated with E2 for 10 weeks (PG) have a significantly higher bone quality compared with other groups. E2 treatment for 5 weeks (TG) shows no beneficial effect. siRANKL has no effect on trabecular bone properties.Table 2Post-mortem μCT of TibiaeSample SizeIntactE2 TGsiCtrl TGsiRANKL TGE2 PGsiCtrl PGsiRANKL PGMeanSDMeanSDMeanSDMeanSDMeanSDMeanSDMeanSD2D Analysis of TibiaeNumber of N.Nd28.9\*^,^\*\*8.67.8\*\*\*3.38.6\*\*\*3.18.9\*\*\*4.329.2\*^,^\*\*^,^\*\*\*\*9.29.6\*\*\*7.18.5\*\*\*5.1% Trabecular density43.8\*^,^\*\*13.113.6\*\*\*3.311.3\*\*\*2.513.4\*\*\*3.933.3\*^,^\*\*^,^\*\*\*^,^\*\*\*\*3.313.9\*\*\*5.911.6\*\*\*3.7Tb Wi (μm)176.7\*^,^\*\*63.767.8\*\*\*7.567.8\*\*\*8.273.1\*\*\*9.5111.3\*^,^\*\*^,^\*\*\*^,^\*\*\*\*25.167.4\*\*\*10.466.6\*\*\*9.1Trabecular bone area (mm^2^)4.4\*^,^\*\*1.41.3\*\*\*0.21.3\*\*\*0.31.4\*\*\*0.43.6\*^,^\*\*^,^\*\*\*^,^\*\*\*\*0.71.5\*\*\*0.61.3\*\*\*0.5Ct Wi (μm)477.776.4444.148.9476.867.3460.654.9478.975.5464.669.8465.165.73D Analysis TibiaeBMD \[mg/cm^3^\]649.5142.5486.994.5542.488.4498.6112.2641.6\*\*\*\*53.9504.2109.5500.569.9% BV/TV \[%\]53.8\*\*9.139.4\*\*\*6.844.46.240.5\*\*\*7.550.7\*^,^\*\*^,^\*\*\*\*4.440.4\*\*\*7.240.3\*\*\*3.8Trabecular number (Tb. N)187.9\*^,^\*\*60.932.6\*\*\*16.820.4\*\*\*30.226.9\*\*\*12.9104.1\*^,^\*\*^,^\*\*\*^,^\*\*\*\*45.839.6\*\*\*22.319.5\*\*\*8.5Trabecular volume (mm^3^)3.14\*^,^\*\*1.530.54\*\*\*0.240.47\*\*\*0.490.51\*\*\*0.221.83\*\*^,^\*\*\*^,^\*\*\*\*0.850.81\*\*\*0.380.29\*\*\*0.13Number of N.Nd223.7\*^,^\*\*72.533.6\*\*\*12.819.9\*\*\*29.922.1\*\*\*12.6113.6\*^,^\*\*^,^\*\*\*^,^\*\*\*\*54.539.9\*\*\*24.518.5\*\*\*9.8[^3]

In the PG, E2 rats showed similar results in several bone properties in 2D and 3D analysis compared with intact rats ([Figure 7](#fig7){ref-type="fig"}; [Table 2](#tbl2){ref-type="table"}). siRANKL and siCtrl rats showed significantly decreased structural bone properties. There was no improvement in siRANKL compared with siCtrl ([Table 2](#tbl2){ref-type="table"}).

Serum Analysis of Beta-Crosslaps {#sec2.7}
--------------------------------

In the TG, the serum levels of beta-crosslaps of intact rats and OVX rats treated with E2 were equal. OVX rats treated with siCtrl showed the highest serum levels. Treatment with siRANKL was not able to significantly decrease the enhanced levels of beta-crosslaps after ovariectomy, and the levels were similar to those of rats treated with siCtrl ([Figure 8](#fig8){ref-type="fig"}).Figure 8Serum Analysis of Beta-CrosslapsRats treated with E2 had similar levels of beta-crosslaps as those of intact rats. Treatment with siRANKL had no effect on beta-crosslap levels after ovariectomy. siCtrl had no effect in the TG; however, in the PG, beta-crosslaps decreased after treatment. \*p \< 0.05 versus E2; ^\#^p \< 0.05 versus intact; ^−^p \< 0.05 versus TG.

Surprisingly, in the PG, OVX rats treated with siCtrl did not display an increase in beta-crosslaps. OVX rats treated with siRANKL showed significantly increased beta-crosslaps compared with intact rats and OVX rats treated with E2 ([Figure 8](#fig8){ref-type="fig"}).

Discussion {#sec3}
==========

The *in vivo* use of VLPs is a new and promising pathway for molecular therapy. Recently, we demonstrated, for the first time, the possibility to decrease RANKL expression in bones of rats by VLP-mediated delivery of siRNA.[@bib19] The aim of this study was to further extend this approach and to evaluate the effects of membranous RANKL knockdown by VLP-mediated RNAi in the early stage of a rat model of osteoporosis.

To evaluate the influence of VLP-based RANKL silencing, we compared the VLP-mediated knockdown of RANKL with the gold standard E2.[@bib26] The experiment was designed to have two different rat cohorts that underwent two different treatment strategies: PG and TG. In the PG, treatment started directly after ovariectomy and was given for 10 weeks. The TG treatment started 5 weeks after ovariectomy, at the early stage of osteoporosis development.

In our study, we confirmed the possibility to decrease expression of RANKL in osteoporotic bones by VLP-mediated RNA interference. The mRNA RANKL expression was significantly decreased up to 35% in both the TG and PG. The control groups treated with gold standard E2 also showed a significant knockdown of RANKL mRNA in TG, while knockdown was less pronounced and not significant in the PG. Intact rats showed no difference in RANKL mRNA levels compared with OVX rats treated with siCtrl. With a western blot technique, we could prove a knockdown of RANKL protein mediated by siRANKL and E2. Again, in the PG, after treatment over a time period of 10 weeks, we did not observe clear differences in RANKL protein expression in E2-treated groups. Furthermore, we found a decreased expression of OPG mRNA in spot samples of E2 rats in the TG and a tendency of increasing OPG mRNA after treatment with siRANKL for 10 weeks (PG).

There are studies showing an increase of RANKL mRNA after ovariectomy compared with intact rats.[@bib27], [@bib28] This is in contrast to our results. The reason for these contradicting reports is likely caused by different experimental setups. Ikeda et al. investigated their model already 3 weeks after ovariectomy. Interestingly, they demonstrated increased levels of RANKL mRNA mainly in chondrocytes in hypertrophic growth plate and only minor expression in trabecular endosteum of femora.[@bib27] In samples of cortical bone, expression of RANKL mRNA was not increased, and when compared with young 8-week-old intact rats, it was even suppressed.[@bib27] In other studies, rats were much older (almost 1 year old) and had been used as breeder rats previously.[@bib28] In the present study, we investigated the expression of RANKL in spot samples of the whole tibiae of 5-month-old OVX rats. Our results confirm the findings of our previous study, where we also did not see any significant increase in RANKL mRNA after ovariectomy compared with sham-operated or intact rats.[@bib29], [@bib30]

In the present study, we demonstrated a significant decrease in RANKL mRNA in OVX rats treated with E2 compared with siCtrl rats in the TG. This is consistent with results in previous *in vitro* studies.[@bib31] In our study, the effect was more pronounced in the TG than in the PG. In western blot analyses, we also detected a significant knockdown of RANKL in the TG. However, when E2 was given for 10 weeks (PG), a knockdown of RANKL could not be demonstrated. Reasons for this effect are still not clear. We hypothesize a rebound-pathway-promoted synthesis of RANKL in response to long-term knockdown. Similar to knockdown of RANKL mRNA and protein by E2, we proved a knockdown of RANKL in bones by siRANKL. The knockdown was similar in the TG and PG on the mRNA level. In western blot analyses, we also demonstrated a knockdown of RANKL protein in the TG after 5 weeks, but not after 10 weeks (PG), of treatment. These results are consistent with a separated pathway, which induces a rebound effect of RANKL synthesis. Furthermore, these results confirm an E2-like effect on RANKL expression in osteoporotic bone by VLP-mediated RANKL RNA interferemce.

To evaluate the influence of RANKL knockdown in osteoporotic bones, we performed several biomechanical and morphological tests. The tests confirmed E2 as a gold standard to prevent osteoporosis development. We demonstrated distinctly superior results of E2 treatment for bone properties, especially when given for 10 weeks after ovariectomy (PG). When given for 5 weeks, similar effects on bones could not be demonstrated, even when a systemic effect of E2 was shown by increased uterine wet weight, decreased body weight, and decreased levels of beta-crosslaps. This is in contrast with several previous studies. However, there have been also reports that could not show significant effects of E2 after 6 weeks of treatment.[@bib32]

The RANKL knockdown by siRANKL showed only a few beneficial effects on osteoporotic bones in the early stage of osteoporosis. Effects on bone did not differ between 5 weeks or 10 weeks of treatment. There can be several reasons for this result.

First, the knockdown of RANKL was only moderate, with 35% efficiency. This might have been too low to induce significant effects on the bones. Furthermore, as our approach targets formation of RANKL at the mRNA level, we do not alter the level of preexistent RANKL on the surface. Thus, the effect of knockdown probably develops slowly with a turnover of membrane proteins.

Second, there is evidence that even bone loss in early osteoporosis in rodents is mainly due to decreased osteoanabolic effects by osteoblasts and not due to increased bone loss by osteoclast activity.[@bib33] This may, in part, explain combined observations of preservation of bone stiffness in the TG siRANKL with decreased yield load. Missing bone formation after ovariectomy would lead to a relative lack of bone mass over time, as observed in our computed tomography (CT) analyses. In combination with decreased osteoclastic resorption and, therefore, decreased net remodeling, a relative increase in mineralization of bone tissue would be expected, which would lead to relatively higher stiffness of the tissue. This would be consistent with our observations.

Third, a knockdown of membranous RANKL could be compensated via circulating soluble RANKL expressed by other cells of mesenchymal lineage, endothelial cells, and T cells.[@bib6], [@bib34], [@bib35] We could not detect significant amounts of soluble RANKL in our bone samples at the end of treatment ([Figure S2](#mmc1){ref-type="supplementary-material"}), but there may have been pronounced differences at the time closer to ovariectomy, where, presumably, most of the bone loss happened. In the present study, we used the 5-HT2a receptor as a cellular uptake receptor for VLPs. It is present in humans and rats and is involved in bone formation.[@bib23], [@bib36] We used this key receptor because of good knockdown results of RANKL in bones in a previous feasibility study.[@bib19] Cells that produce soluble RANKL may, however, not possess the 5HT2a receptor, and, therefore, our treatment would not efficiently target this source of RANKL. This may be also the reason for still-elevated beta-crosslap levels in serum after siRANKL treatment compared with E2 treatment in OVX rats. However, reasons for decreased levels of beta-crosslaps in the siCtrl PG are still not clear from the author's point of view. In contrast, treatment with monoclonal antibodies like denosumab targets all existing RANKL at the time of treatment, leading to a stronger effect on bone but also stronger side effects.[@bib14], [@bib37] It may be interesting to design VLPs with a more specific tropism for mesenchymal stem cells, endothelial cells, and T cells to discriminate the relative importance of different contributing cell systems.

For unimpeachable bone specificity, a novel cellular uptake receptor needs to be created. Considering the study's results, the need of absolute bone specificity in the case of RANKL knockdown in osteoporosis-affected bone seems to be questionable.

In conclusion, we confirmed a knockdown of proteins in bones by VLP-mediated RNA interference. A long-term use of VLPs in rats showed no obvious signs of toxicity. VLP is a promising carrier of nucleic acids for delivery *in vivo*. A 35% knockdown of membranous RANKL in osteoporosis-affected bones showed no significant rescue of morphological or biomechanical properties in the early stage of osteoporosis.

Materials and Methods {#sec4}
=====================

VLP Production and Loading {#sec4.1}
--------------------------

VLPs derived from capsid protein VP1 of human JC polyoma virus (JCV VP1) were produced and loaded as described elsewhere.[@bib19] In brief, the codon-optimized JC VP1 DNA was transferred as a BamHI/HindIII and SphI/NcoI amplicon into the 2× pFBDM-vector-based expression system for baculoviral expression.[@bib38] The VP1 gene containing baculovirus was generated as described by Fitzgerald et al., and expression of VP1 was performed in Hi5 cells according to the manufacturer's manual (Invitrogen, Carlsbad, CA, USA).[@bib38]

Viral-capsid-containing supernatant was harvested by centrifugation (30 min, 10,000 × *g*) and filtered through a 0.45-μm filter. Viral capsids were precipitated by the addition of polyethylene glycol (PEG) 8000 at room temperature to a final concentration of 7.5% (w/v). Precipitate was separated by centrifugation (30 min, 10,000 x *g*) and was resuspended in 20 mM HEPES (pH 7.4) containing 150 mM NaCl, 15 mM EGTA, and DTT each (dissociation buffer). After 2 hr at room temperature on a tumbling shaker, the remaining precipitate was removed by centrifugation (30 min, 21,000 × *g* at 4°C). Afterward, the VP1-containing supernatant was dialyzed (molecular weight cut-off \[MWCO\] = 6--8 kDa) against 5 L of 20 mM HEPES (pH 7.4) containing 150 mM NaCl and 1 mM CaCl~2~ (reassembly buffer) at 4°C under constant stirring overnight. Dialyzed viral-capsid-containing samples were centrifuged (30 min, 21,000 × *g* at 4°C) and further purified via size-exclusion chromatography using a Sephacryl S-300 HR gel filtration column connected to an ÄKTA Avant system. The column was equilibrated with reassembly buffer. Viral capsids were eluted within the void volume of the column and were concentrated using a Vivaspin column with MWCO of 30 kDa (Sartorius, Germany) at 4°C to the desired concentration of 0.8--1 mg/mL. Empty viral capsids were stored at −80°C until use.

For transduction, the desired amount of VP1 was incubated in dissociation buffer at room temperature for 30 min. Per 25 μg of VP1, 7 μL of a 20-μM siRANKL (J-094995-09 and J-094995-10, GE Healthcare) or control RNA (D-001100-01, GE Healthcare; or Cy3-labeled control, AM17120, Thermo Fisher Scientific, Waltham, MA, USA) was added and incubated for another 30 min. VP1 was dialyzed against 5 L of reassembly buffer at 4°C under constant stirring overnight.

Animals and Injections {#sec4.2}
----------------------

All procedures on animals were approved by the local institutional animal care and use committee (district authorities of Oldenburg, Germany). The experiment was performed with 56 3-month-old female Sprague-Dawley rats (Fa. Harlan-Winkelmann, Borchen, Germany).[@bib22] All animals were maintained according to the German animal protection laws and received a soy-free diet throughout the experiment (ssniff Special Diet, Soest, Germany).

One group (intact, n = 8) received no ovariectomy and no special pharmacological treatment. The remaining rats underwent ovariectomy and were separated into 3 different groups (n = 8 per group). One group was treated with E2 in an orally administered dosage of 10 mg/kg food according to 0.6 mg/kg body weight per day. This group represented the gold standard for anti-osteoporotic treatment.[@bib26] A second group was treated with VLPs and non-cognate siRNA intraperitoneal (i.p.) injection (150 μg VLP containing 11.2 μg RNA per injection or 0.5 mg/kg body weight per week). Rats in this group represent the untreated OVX control group (siCtrl). The third group received VLPs loaded with functional RANKL siRNA (150 μg VLP containing 11.2 μg RNA per injection or 0.5 mg/kg body weight, i.p. injection, 1× per week) to decrease RANKL expression (siRANKL).

The aim of the study was to evaluate the treatment effects before and after the onset of osteoporosis in OVX rats. Therefore, treatment was initiated 5 weeks after ovariectomy, a time at which osteopenia is already present (in the TG) ([Figure 1](#fig1){ref-type="fig"}). Therapy was performed for up to additional 5 weeks. In the second part of our study, we investigated the effects of prophylaxis (in the PG) ([Figure 1](#fig1){ref-type="fig"}). In this part, all OVX rats received their treatment after ovariectomy for 10 weeks ([Figure 1](#fig1){ref-type="fig"}).

At the end of the experimental period (10 weeks after ovariectomy), all rats were sacrificed using CO~2~ anesthesia. Serum and tibiae were removed for analyses. We used the left tibiae for micro-computed tomography (μCT) and biomechanical testing. The right tibiae were used for gene expression and protein expression analyses. Serum samples were used for β-crosslap measurements. Tibiae for μCT and biomechanical tests, as well as serum samples, were stored at −20°C until analysis. For gene and protein expression analysis, bone samples were stored at −80°C.

qPCR {#sec4.3}
----

Total RNA was isolated as described in our previous publication.[@bib19] Tibiae of all animals were homogenized using the Mikro-Dismembrator S (Sartorius, Goettingen, Germany) and mixed with β-mercaptoethanol. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Due to high viscosity of the samples, a prolonged homogenization time (10 min) after TRIzol mixing was used. RNA was measured using the Qubit System (Life Technologies, Carlsbad, CA, USA), and reverse transcription was performed with 2,000 ng total RNA using the SensiFastcDNA Synthesis Kit (Bioline, Taunton, MA, USA). Real-time qPCR was performed on the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) using QuantiTect Primer Assays (QIAGEN, Hilden, Germany). Relative expression of RANKL (primer QT00195125) was calculated via the ΔΔCt method, using beta-2-microglobulin (QT00176295) as a housekeeping gene.[@bib39]

Western Blot {#sec4.4}
------------

SDS gel electrophoresis was performed according to standard protocols. Proteins were extracted from bone material by the addition of 25 mM Tris (pH 7), containing 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, and 1 mM NP-40 (radioimmunoprecipitation assay buffer); separated by standard SDS gel electrophoresis; and transferred onto a nitrocellulose membrane followed by blocking in TBST (20 mM Tris-HCl, 150 mM NaCl, 0.2% Tween 20 \[pH 7.4\]) containing 5% skimmed milk powder. Primary antibody (anti-RANKL \[ab22113\] or anti-GAPDH \[ab8245\], Abcam, Cambridge, MA, USA) was diluted in the same buffer (anti-RANKL, 1:1,000; and anti-GAPDH, 1:4,000) and incubated with the membrane for 16 hr at 4°C (anti-RANKL) or for 2 hr at room temperature (anti-GAPDH). Membrane was washed 3 times with TBST, and secondary antibody (anti-mouse or anti-rabbit, 1:10,000, Life Technologies, Carlsbad, CA, USA) was added for 1 hr at room temperature. After 3 washes with TBST, horseradish peroxidase (HRP) substrate (Luminata Forte, Merck, Darmstadt, Germany) was added, and signals were evaluated using an ECL machine (Chemocam Imager, INTAS, Göttingen, Germany).

Serum Analysis {#sec4.5}
--------------

The enzyme immune assay RatLaps CTX-I (AC-06F1, Immunodiagnostic Systems Holdings, Boldon Colliery, UK) was used to measure β-crosslap levels in serum samples. The analyses were performed according to the manufacturer's instructions.

μCT {#sec4.6}
---

### *In Vivo* pQCT {#sec4.6.1}

*In vivo* quantitative μCT (pQCT) was performed 5 and 10 weeks after ovariectomy. The rats were anesthetized with isoflurane; afterward, BMD of tibia metaphyses was scanned using the XCT Research SA (Stratec Medizintechnik, Pforzheim, Germany), as described earlier.[@bib40], [@bib41] Analyses of tibiae were done using XCT-6.20C software (Stratec Medizintechnik, Pforzheim, Germany).

### Post-mortem μCT {#sec4.6.2}

To measure BMD, bone volume density (BV/TV), and other morphological bone properties of tibiae, we used the Quantum FX μCT (Caliper Life Sciences, Hopkinton, MA, USA). The following scan parameters were used: 70 kVp and 200 μA, resulting in a 40 × 40 × 40 μm^3^ voxel size. In every scan, a phantom block with several known mineral densities was included. 3D Osteo Analyze software (developed in our laboratory) was used to calculate bone parameters according to the American Society for Bone and Mineral Research (ASBMR).

To obtain additional morphological data, we performed structural analyses on 2D images of μCT scans. Four images of sagittally cut tibiae were analyzed with the MetaMorph Basic Acquisition Software (Leica Mikrosysteme Vertrieb, Wetzlar, Germany). Collected data were trabecular nodes (N.Nd), trabecular thickness (Tb Wi), cortical thickness (Ct Wi), trabecular density, and trabecular bone area.

Biomechanical Assessment {#sec4.7}
------------------------

A standardized bending test of tibiae was designed according to the procedure described by Stürmer et al.[@bib42] We utilized a Zwick mechanical testing device (type 145 660 Z020/TND, Zwick, Ulm, Germany) to perform a resistance test of the proximal tibia. The defrosted bones were fixed to the testing machine, and a stamp was lowered. The stamp had a driving force of 1 N, with a speed of 5 mm/min. The test results were obtained with a relative accuracy of 0.2%--0.4% over the range of 2--500 N. The test machine stopped automatically when the line of the curve declined more than 10 N. Throughout the test process, the compressive force was measured every 0.1 mm by the testXpert software.

We analyzed the maximum load (F~max~), stiffness (S), and yield load (yL). Maximum load is the maximum force that the bone can withstand. Stiffness represents the elasticity of the bone and is defined as a slope of the linear part of the force-deformation curve. The yield load represents the inflection point demarcating elastic and plastic deformation.

Statistical Analysis {#sec4.8}
--------------------

Differences between groups were analyzed by one-way ANOVA with a Tukey-Kramer post hoc test (GraphPad Prism, La Jolla, CA, USA). Results were considered significantly different when p values were \<0.05. Data are presented as the mean and SD.
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[^1]: These authors contributed equally to this work.

[^2]: For all groups, n = 8. Intact rats and rats treated with E2 for 10 weeks (PG) had significant improved BMD. Treatment with VLP or siRANKL had no significant effect on BMD. \*p \< 0.05 versus Ctrl; \*\*p \< 0.05 versus siRANKL; \*\*\*p \< 0.05 versus intact; \*\*\*\*p \< 0.05 versus TG.

[^3]: For all groups, n = 8. \*p \< 0.05 versus Ctrl; \*\*p \< 0.05 versus siRANKL; \*\*\*p \< 0.05 versus intact; \*\*\*\*p \< 0.05 versus TG.
